Numerous studies demonstrate polynuclear aromatic hydrocarbons (PAHs) dissolved from weathered crude oil adversely affect fish embryos at 0.5 to 23 µg/l. This conclusion has been challenged by studies that claim (1) much lower toxicity of weathered aqueous PAHs; (2) direct contact with dispersed oil droplets plays a significant role or is required for toxicity; (3) that uncontrolled factors (oxygen, ammonia, and sulfides) contribute substantively to toxicity; (4) polar compounds produced by microbial metabolism are the major cause of observed toxicity; and (5) that based on equilibrium models and toxic potential, water contaminated with weathered oil cannot be more toxic per unit mass than effluent contaminated with fresh oil. In contrast, several studies demonstrate high toxicity of weathered oil; shifts in PAH composition were consistent with dissolution (not particle ablation), embryos accumulated dissolved PAHs at low concentrations and were damaged, and assumed confounding factors were inconsequential. Consistent with previous empirical observations of mortality and weathering, temporal shifts in PAH composition (oil weathering) indicate that PAHs dissolved in water should (and do) become more toxic per unit mass with weathering because high molecular weight PAHs are more persistent and toxic than the more abundant low molecular weight PAHs in whole oil.
Perspective on the Toxicity of Petrogenic PAHs to Fish Embryos INTRODUCTION
A series of papers have documented that exposure to dissolved polynuclear aromatic hydrocarbons (PAHs) from petrogenic sources such as crude oil are directly toxic to fish embryos at low µg/l aqueous concentrations (Marty et al. 1997; Heintz et al. 1999 Heintz et al. , 2000 Carls et al. 1999 Carls et al. , 2005 Birtwell and McAllister 2002; Rhodes et al. 2005; Farwell et al. 2006) . Early life stages are generally the most sensitive to toxicant insult, hence our studies have focused primarily on embryos. High PAH toxicity was first recognized in experimental studies designed to interpret damage observed in the wake of the 1989 Exxon Valdez oil spill in Prince William Sound, Alaska. Embryos responded to µg/l concentrations of total PAH in those studies instead of the mg/l concentrations anticipated by earlier studies on monoaromatic hydrocarbons and unweathered oil.
Observations of high toxicity of weathered PAHs in water have been challenged by a series of studies that claim (1) much lower toxicity of weathered aqueous PAHs (Brannon et al. 2006 ), (2) direct contact with dispersed oil droplets plays a significant toxic role or is required for toxicity (Pearson 2005; Brannon et al. 2006) , (3) uncontrolled factors (oxygen, ammonia, and sulfides) contributed substantively to toxicity (Pearson 2005) , (4) polar compounds produced by microbial metabolism are the major cause of observed toxicity in the oiled-rock column assays we typically use (Neff et al. 2000) , and (5) that based on equilibrium models (where the toxic potential of a PAH is defined as the ratio of aqueous solubility to its toxicity), water contaminated by contact with weathered oil cannot be more toxic than effluent contaminated by fresh oil (Di Toro et al. 2007) .
In this perspective we encapsulate the debate, explore the chemical processes that support our results for embryo damage, eliminate the postulated alternative explanations for toxicity, and demonstrate that a proposed model and observational data from competing studies actually corroborate and validate our conclusion that dissolved solutions of PAHs from weathered petroleum are highly toxic to fish at low concentrations. We specifically review the evidence that: (1) embryos accumulate and are damaged by dissolved PAHs, not dispersed oil droplets (Heintz et al. 1999; Carls et al. 2008);  (2) dissolved PAHs are toxic to fish embryos at low µg/l concentrations; (3) potential confounding factors were insignificant in our experiments; (4) microbial metabolites contribute little or nothing to embryo toxicity under environmentally realistic conditions; and (5) observed results are consistent with increased toxicity of nonequilibrium PAH mixtures per unit mass in oil-contaminated water as natural weathering occurs because both toxicity and environmental persistence increase with compound hydrophobicity (Short and Heintz 1997; Carls et al. 1999; Heintz et al. 1999) .
Considerable criticism of our work centers on our standard method and passage of water through oil-coated rock columns. This method was specifically designed to emulate intertidal conditions. Oil constituents, notably PAHs, dissolve in the water and are transferred to fish or fish embryos. A specific oiled-rock column study ) is reviewed to illustrate the environmental chemistry typical in these assays (Marty et al. 1997; Carls et al. 1998 Carls et al. , 1999 Heintz et al. 1999 Heintz et al. , 2000 and is referred to as the "case-history study."
REVIEW Direct Contact with Whole Oil Does Not Contribute to PAH Toxicity
A suggestion that direct contact with oil is required for PAHs to transfer to fish embryos (Brannon et al. 2006) has no support because eggs and other life stages isolated from contact with whole oil or PAH mixtures consistently exhibit severe adverse effects (Carls et al. 1998 (Carls et al. , 1999 (Carls et al. , 2008 Heintz et al. 1999; Incardona et al. 2005; Rhodes et al. 2005; Farwell et al. 2006) . Paired comparisons of zebrafish embryos exposed to particulate-laden, water-accommodated fractions of crude oil and those isolated from particles by agarose sequestration demonstrate that fish embryos react predominantly to dissolved oil; physical contact did not enhance sensitivity (Carls et al. 2008 ). Furthermore, the degree of response by fish embryos in contact with whole oil in oiled-rock column experiments and those isolated from it were the same (Heintz et al. 1999; Brannon et al. 2006 ). Induction of cytochrome P4501A (CYP1A) provided evidence of PAH exposure in pink salmon embryos without physical oil contact , confirming embryo exposure and biochemical response to dissolved PAHs.
The debate concerning the importance of oil contact centers on the possibility that particulate oil enters water in oiled-rock column assays and subsequently coats developing eggs. Generator column experiments were designed to study the aqueous concentrations of slightly soluble hydrocarbons in water without the presence of the non-dissolved fraction (May and Wasik 1978; Billington et al. 1988; De Maagd et al. 1998) , and this is the approach we adapted for our oiled-rock column experiments.
Our standard methods for oiled-rock column experiments preclude particulate oil in embryo assays. Several independent lines of evidence indicate that few if any oil droplets were present in assay water, including an absence of aqueous phytane, characteristic differences in PAH composition between bulk oil and aqueous PAHs, weathering shifts in bulk oil, and absence of phytane and higher molecular weight PAHs in eggs exposed to effluent water. For example, phytane (a highly insoluble branched alkane present in the test oil) was rarely greater than the level of quantification (2% of 252 water samples collected across multiple experiments) (Marty et al. 1997; Heintz et al. 1999; Carls et al. 1998 Carls et al. , 1999 Carls et al. , 2005 . The majority of all phytane concentrations were below level of detection (61%) and the remainder were typically 11 to 38 times less than the lowest concentration used to prepare the standard curve. Aqueous phytane concentrations were unrelated to time and dose in any of these experiments [e .g., P time = 0.23 and P dose = 0.31, respectively, in the case-history experiment (two-factor ANOVA (time × dose)); Table 1 ].
Phytane was almost entirely absent in (or on) pink salmon and herring eggs, demonstrating that they were not physically contaminated by whole oil. Observation of hydrocarbons in eggs also provides information about aqueous conditions because eggs bioaccumulate hydrocarbons from water by about three orders of magnitude, thereby improving detection sensitivity (de Voogt et al. 1991; Neff and Burns 1996) . Phytane concentrations were greater than the method detection limit (MDL) in 5 egg samples of 147 across all experiments; 3 of these were controls (Marty et al. 1997; Carls et al. 1998 Carls et al. , 1999 Heintz et al. 1999 Heintz et al. , 2000 . Detectable phytane concentrations in oiled treatments occurred in intermediate treatments at intermediate times; the concentration in the case-history study (41 ng/g wet weight) was within the 95% Initial aqueous total PAH concentrations were as indicated (top row). An asterisk identifies the only water sample where phytane was within the range of quantification; a not detected, b below level of quantification (0.21 µg/l). Data from Carls et al. (2005) .
confidence bounds determined from the three positive control phytane concentrations in that study (28 to 36 ng/g wet weight; Table 2 ). Thus, only 1 egg sample of 147 had unambiguous evidence of whole oil contamination and because this occurred for an intermediate dose and time we suspect it was a collection artifact. Furthermore, several high molecular weight PAHs (greater than chrysenes) were never observed in eggs (n = 147 samples), yet were frequent in oiled rock (77% of 91 samples). Also, eggs were never visibly coated with oil, which was consistent with these chemical measures. These results support our conclusion that direct contact with whole oil was not a source of PAHs in fish embryos, rather, dissolved PAHs were accumulated from water. Evidence of oil weathering in experimental assays is also inconsistent with simple ablation of whole oil particles from oiled-rock columns into water because ablation is not compound selective. The rate individual PAHs enter aqueous and gaseous phases from oil is thermodynamically controlled, leading to the time-dependent shifts in aqueous composition commonly known as weathering (Short and Heintz 
Tabled values are total PAH concentrations in tissue (ng/g wet weight) for eggs (days 1 to 75) and alevins (day 183) exposed to oiled rock column effluent (days 0 through 53) or in contact with effluent water and oiled rock thereafter. Initial aqueous total PAH concentrations were as indicated (top row). Number of samples measured were a one, b two, or c five. Data from Carls et al. (2005) . 1997). Fugacity and vaporization rates favor the higher rate of partitioning for low K ow PAHs from the solid to aqueous and gaseous phases than is observed for higher K ow PAHs. Therefore, the less hydrophobic (low K ow ) PAHs enter water more rapidly and persist in oil for shorter periods of time (Wang and Fingas 2003) . These low K ow compounds are also more likely to volatilize to the atmosphere compared to the more hydrophobic PAHs (e .g., phenanthrenes) leading to an increased percentage of high K ow compounds in solution. These physical processes explain the characteristic, time-dependent weathering pattern that emerges both in the natural environment (Bence and Burns 1995; Short and Heintz 1997; Carls et al. 2001; Boehm et al. 2004 Boehm et al. , 2005 Neff et al. 2006 ) and in laboratory studies (Marty et al. 1997; Short and Heintz 1997; Heintz et al. 1999 Heintz et al. , 2000 Carls et al. 1998 Carls et al. , 1999 Carls et al. , 2005 Brannon et al. 2006 ). To summarize, not only is the toxicity of dissolved PAHs important, the previously cited zebrafish study (Carls et al. 2008 ) demonstrates toxicity of particulate oil is unimportant to fish embryos. Shifts in PAH composition and the absence of dose-dependent relationships between particulate oil in water and eggs in oiled-rock column experiments demonstrate the successful adaptation of a procedure originally designed to study the chemistry of slightly soluble hydrocarbons to one that is useful for examining dissolved PAH toxicity without particulate oil as a confounding factor. These observations are consistent with independent contemporary studies of dissolved PAH toxicity (Rhodes et al. 2005; Farwell et al. 2006 ) and independent conclusions that dissolved PAHs are much more bioavailable and toxic than those adsorbed from whole oil (Neff et al. 2005; Beckles et al. 2007; Golding et al. 2007 ).
Dissolved PAHs are Highly Toxic
Adverse embryo responses (e .g., mortality and reduced growth) correlated with dissolved aqueous PAH exposure in our case-history study ) and all other similar experiments (Marty et al. 1997; Carls et al. 1999; Heintz et al. 1999 Heintz et al. , 2000 , supporting the general conclusion that PAHs and related heterocyclic compounds such as dibenzothiophenes in oil are the toxic agents [e .g., (Brannon et al. 1995; Barron et al. 2004; Sundberg et al. 2006) ]. Single-compound research (Incardona et al. 2004 (Incardona et al. , 2006 and fractionation studies (Sundberg et al. 2005 (Sundberg et al. . 2006 Farwell et al. 2006) further demonstrate that certain petrogenic PAHs can be highly toxic. Based on this new research, many of these PAHs should be considered as pharmacologically active compounds with specific cellular targets.
Toxic response can be considered at three levels: organismal response; mode of action; and mechanisms of action (Meador et al. 2008) . In this article, all comparisons of relative toxicity are made at the organismal response level (e .g., death, impaired growth, developmental abnormalities, and edema) with experiments designed to allow sufficient time to detect slowly developing defects. PAHs can be classified by several modes of toxic action including (but not limited to) immunotoxicity, cytotoxicity, endocrine disruption, teratogenesis, baseline toxicity (narcosis), and ionophore disruption. Baseline toxicity (as known as narcosis) is considered a mode of toxic action due to the lack of a specific receptor. These modes can be elicited by one or several mechanisms of toxic action, which are specific biochemical events. Multiple mechanisms of toxic action are possible for the PAHs found in crude oil.
Perspective on the Toxicity of Petrogenic PAHs to Fish Embryos
Currently, three distinct specific mechanisms of toxic action (exclusive of mutagenesis) have been described for fish embryos, some requiring aryl hydrocarbon receptor activation (AHR) and others causing specific toxicity independently of this pathway (Incardona et al. 2004 (Incardona et al. , 2005 (Incardona et al. , 2006 . When multiple mechanisms of toxic action occur due to a mixture of toxicants, the observed response can be additive, more than additive, or less than additive.
In corroboration with our work, a study by Farwell et al. (2006) clearly identifies dissolved petrogenic PAHs as toxic (absent particulate oil). Low aqueous total PAH exposures elicited a variety of lethal and sublethal effects, including abnormalities and reduced growth. The lowest observed effective total PAH concentration in the case study was 0.9 µg/l and was within the response range demonstrated in other studies (0.4 to 23 µg/l; Marty et al. 1997; Carls et al. 1999; Heintz et al. 1999 Heintz et al. , 2000 Brinkworth et al. 2003; Colavecchia et al. 2004; Rhodes et al. 2005; Farwell et al. 2006) . Pink salmon embryos accumulated PAHs from water and correlation between aqueous exposure and tissue burdens was high (r 2 > 0.99, p < .001). In contrast, the correlation was poor between aqueous exposure and total alkanes (r 2 < 0.12, p > .37) and specifically with phytane (r 2 ≤ 0.16, p > .44).
Oxygen, Ammonia, and Sulfides are Not Significant Confounding Factors in Oiled-Rock Column Assays
Based on a methodological misunderstanding (presumed static water conditions in oiled-rock columns), one author suggested that low oxygen, ammonia, and sulfides were confounding factors in oiled-rock column bioassays, yet those results demonstrated acceptable oxygen levels and no detectable ammonia or sulfides 1 day after the end of a 2-week stagnation period (Pearson 2005) . Static water conditions never occurred in any of our oiled-rock column experiments and flow interruption occurred in only one embryo experiment (dry columns between two phases of the experiment with a 1 day washout before resumption; Carls et al. 1999) . Therefore, the likelihood that suboptimal oxygen, ammonia, or sulfide levels confounded our results is negligible.
Microbial Metabolites Do Not Explain High PAH Toxicity
Although some researchers have suggested that embryo toxicity in oiled-rock column experiments is an artifact due to toxic metabolites produced by microbial activity (Neff et al. 2000; Page et al. 2002; Pearson 2005; Brannon et al. 2006) , there is no support for this hypothesis in the literature (Middaugh et al. 1996 (Middaugh et al. , 1998 (Middaugh et al. , 2002 Shelton et al. 1999; Hamdoun et al. 2002; Šepič et al. 2003) or in our studies (Marty et al. 1997; Heintz et al. 1999 Heintz et al. , 2000 Carls et al. 1999 Carls et al. , 2005 . One group of studies demonstrated increased embryo toxicity when oil was amended with nutrients under static conditions (Middaugh et al. 1996 (Middaugh et al. , 1998 (Middaugh et al. , 2002 Shelton et al. 1999) , thus promoting microbial growth. However, each of these assays was confounded by increased aqueous total PAH concentration as microbial activity increased. A likely explanation is that surfactant secretion by microbes allowed additional compounds to dissolve under the sealed, static experimental conditions (Ron and Rosenberg 2002; Das et al. 2008; Pornsunthorntawee et al. 2008) . The total PAH concentration gradient alone explains the majority of the observed embryo toxicity in these experiments (r 2 = 72 to 98%) and nearly all of the variance in the Middaugh et al. (2002) study (0.96 ≤ r 2 ≤ 0.98; our analysis). Consistent with this inference, Hamdoun et al. (2002) replicated the cited microbial studies and also concluded that the apparent toxicity enhancement correlated with microbial activity was caused by increased water soluble hydrocarbon concentrations. When normalized for hydrocarbon content, metabolized oil was significantly less toxic than non-degraded oil (Hamdoun et al. 2002) . Such metabolites can be substantially less toxic (4 to 3000 times) than parent compounds (Hamdoun et al. 2002; Šepič et al. 2003) , which is due in part to their reduced hydrophobicity and lowered bioaccumulation potential. In theŠepič et al. (2003) study, 9-hydroxyfluorene was four times less toxic than fluoranthene to algae, bacteria, and crustaceans; all other metabolites were 37 to about 3000 times less toxic than fluoranthene. Biodegraded water soluble fractions of crude oil were 10 times less toxic to urchins and echiuran worms than non-degraded water soluble factions (Hamdoun et al. 2002) .
Microbial growth was related to initial alkane concentration and flow rate in our studies and had little or no influence on toxicity (Table 3) . Median lethal concentrations declined slightly as microbial growth increased (summarized by delta in Table  3 ). However, the 95% confidence intervals overlapped for these values among experiments, indicating the influence of microbial activity was likely negligible. The lowest observed effect concentrations (LOECs) were unrelated to microbial growth (metrics varied among experiments; Table 3 ). From this we conclude that the toxicity of oiled-rock column effluent is independent of microbial activity, which is supported by the data of those authors who posit that microbial toxicity is an important process (Neff et al. 2000; Brannon et al. 2006) .
Toxicity of PAH Mixtures Per Unit Mass Increases with Weathering
Shifts in PAH composition indicate that the suite of PAHs dissolved in water becomes more toxic per unit mass as weathering progresses and the percentage of larger PAHs (e .g., phenanthrenes) increases. A simple conceptual example is that a solution of dissolved naphthalene is theoretically less toxic than a solution of phenanthrene at an equal concentration. Many studies have demonstrated that progressively higher molecular weight aromatics, including PAHs, are increasingly toxic for a given concentration (Anderson et al. 1974; Moore and Dwyer 1974; Rice et al. 1977; Hutchinson et al. 1980; Black et al. 1983; Neff 1985 Neff , 2002 . Application of a toxic unit model (Di Toro et al. 2000) to data in our case-history study demonstrates the expected increase in toxicity. At 10 µg/l the predicted toxic units were 0.3 on day 0 and they increased monotonically over the next 76 d to 2.2 (r 2 = 0.95, Table 4 ) as the weathered oil solution lost relatively more of its lighter components. Under actual test conditions, estimated toxic units declined with time because aqueous total PAH concentrations declined exponentially (Table 4) ; however, if flow rates had been adjusted to achieve constant concentrations, the effluent would have been progressively more toxic. Flow rate is important because given sufficient contact time (e .g., static conditions) equilibrium can be established; conversely, the relatively high flow rates in the oiled-rock column experiments precluded equilibrium (unpublished data). Thus, as oil weathers the concentration of total aqueous PAH required to cause adverse effects is lowered, because of proportionate increases of Delta is a surrogate estimate of microbial growth. Increases in branched alkane concentrations (pristane and phytane) relative to similarly sized straight chain alkanes can be interpreted as evidence of microbial growth (Alimi et al. 2003) and this relationship can be exploited to infer microbial growth in oiled rock columns. Relative changes (all normalized to total alkane concentration) can be summarized as follows:
Values of delta ≤ 0 were interpreted as evidence of no microbial growth. Increasingly positive values of delta indicated increased branched alkane concentrations relative to other alkanes and were interpreted as evidence of enhanced microbial growth. the more hydrophobic PAHs (Short and Heintz 1997) , enhancement of the bioaccumulation potential as average hydrophobicity increases , and greater likelihood of toxicity due to specific mechanisms of action by the remaining weathered-oil PAHs (e .g., phenanthrenes) (Incardona et al. 2004 (Incardona et al. , 2005 (Incardona et al. , 2006 . A great diversity of mechanisms of toxic action are possible, given the variety of PAHs with unique structures present in crude oil. In addition to non-specific toxicity (narcosis), a few of these specific mechanisms of action have been observed for PAHs common to weathered oil (Wassenberg and Di Giulio 2004; Incardona et al. 2004 Incardona et al. , 2005 Incardona et al. , 2006 . For example, some tricyclic PAHs cause cardiac dysfunction independent of AHR or cytochrome P4501A activation (Incardona et al. 2004 (Incardona et al. , 2005 . Conversely, some tetracyclic PAHs cause developmental toxicity via activation of the AHR pathway. As an example, benz[a]anthracene caused AHR2-dependent and CYP1A-independent cardiac damage (Incardona et al. 2006) . A third mechanism of action is evident with pyrene, where hepatic response, not cardiac damage, is important for the toxic response (Incardona et al. 2006) .
Experimental evidence from a previous pink salmon experiment (Heintz et al. 1999) and from a similar Pacific herring experiment (Carls et al. 1999 ) demonstrate that the theoretical increase in the toxicity of weathered PAH mixtures is correct, corroborating the previously cited studies (Anderson et al. 1974; Moore and Dwyer 1974; Rice et al. 1977; Hutchinson et al. 1980; Black et al. 1983; Neff 1985 Neff , 2002 . In both experiments, detrimental concentrations (expressed as total PAH) were lower when embryos were exposed to more weathered oil, demonstrating solutions of dissolved PAHs from weathered oil are more toxic per unit mass. Measured toxic responses included mortality, edema, spinal and other developmental defects, swimming ability, and embryo length. Neff et al. (2000) also explicitly demonstrated that the contribution of PAHs to toxicity increases with weathering. These results support the need to characterize both concentration and PAH composition when reporting assay results. Low aqueous total PAH concentrations from oil (roughly 0.5 to 23 µg/l; Marty et al. 1997; Heintz et al. 1999 Heintz et al. , 2000 Kiparissis et al. 2003; Carls et al. 1999 Carls et al. , 2005 Rhodes et al. 2005; Farwell et al. 2006) in combination with the relatively slow development of adverse embryo effects and multiple mechanisms of action suggest that acute toxicity models based on the target-lipid model and membrane disruption characterizing nonspecific toxic action may not be appropriate predictors of PAH toxicity for many of the early life stage responses (Wassenberg and Di Giulio 2004; Incardona et al. 2004 Incardona et al. , 2005 Incardona et al. , 2006 . Thus when all PAHs are considered as non-specific acting toxicants and the toxic unit approach is applied (Di Toro et al. 2000) , toxicity will be underpredicted. The analysis and conclusions found in Di Toro et al. (2007) concerning our study on herring embryos (Carls et al. 1999 ) support our conclusion that for a given concentration, dissolved PAHs from more weathered oil are more toxic than those dissolved from less weathered oil. Reductions in embryo responses (or changes in toxic unit equivalents) were proportionately smaller than the reductions in aqueous EC50 concentrations, indicating weathered oil is relatively more toxic. Figure 8a of Di Toro et al. (2007) supports this observation as illustrated by EC50 values that are approximately an order of magnitude lower for more-weathered oil (see also Figure 1 ). Their additional comparison of high and mid doses for less-and moreweathered oil does not support their claim that more-weathered oil is less toxic. The illustrated mean embryo response ratio (response in less-weathered oil/response in more-weathered oil) for mid and high doses in their Figure 8b is 1.7, a relatively minor change in overall response with respect to the 18-fold disparity in EC50s between the less-and more-weathered oil treatments (Figure 1 ). (Note that high and mid oil dosages are reversed in Figure 8b of Di Toro et al. 2007.) One could argue that the less-weathered oil fraction is more toxic due higher toxicity potential (as defined by Di Toro et al. 2007 , who assume equilibrium conditions between water and whole oil); however, the 18-fold reduction in nonequilibrium total PAH concentration between less-and more-weathered oil clearly overrides the 1.7-fold reduction in embryo response and is significantly greater (p = .004). Additionally, these differences cannot be explained by the 3-fold variation in toxic units (derived from these data with the Di Toro et al. 2000 model; also see Figure 4 in Di Toro et al. 2007) . The obvious conclusion is that more-weathered oil is far more toxic than less-weathered oil when considered on a concentration basis, thus the hypothesis that water contaminated with weathered oil cannot be more toxic per unit mass than effluent contaminated with fresh oil is not appropriate for nonequilibrium conditions.
CONCLUSION
The series of studies discussed herein unambiguously demonstrates that dissolved PAHs from weathered crude oil severely impact fish embryos at low µg/l concentrations. That embryos respond to low µg/l concentrations of total PAH instead of the mg/l concentrations evident in earlier studies on monoaromatic hydrocarbons and unweathered oil (Rice et al. 1979) was anticipated by numerous studies all demonstrating that toxicity increases with hydrophobicity, alkyl substitution, and specific mechanisms of action (Anderson et al. 1974; Moore and Dwyer 1974; Rice et al. 1977; Hutchinson et al. 1980; Black et al. 1983; Neff 1985) . Generally not anticipated in early studies was the persistence of PAHs in the environment and the rapid loss of monoaromatics from aquatic ecosystems. Two other factors also have a major influence on effective concentration estimates. One concerns the presence or absence of particulate oil because dissolved PAHs are much more bioavailable and toxic than those adsorbed in whole oil (Neff et al. 2005; Beckles et al. 2007; Golding et al. 2007; Carls et al. 2008) . The other relates to adverse embryo responses that require much longer periods of time to develop than commonly required for traditional short-term bioassays (e .g., 24 to 96 h).
The data demonstrate that uptake of dissolved PAHs is the main route of exposure for embryos and dissolved PAH concentrations are a function of hydrophobicity and weathering over time. The resultant shifts in nonequilibrium PAH composition cause toxicity to increase per unit mass because hydrophobic PAHs are more environmentally persistent, bioaccumulative, and toxic than their less hydrophobic congeners. Because some PAHs are pharmacologically active by multiple mechanisms of action, toxicity estimates for solutions of weathered oil are often greater than predicted with non-specific additivity models, supporting the conclusion of PAH toxicity at low exposure concentrations. The studies discussed here clearly demonstrate the need to report PAH composition along with concentrations of aqueous PAHs, and promote the concept that low-level concentrations of PAHs may be severely affecting aquatic life under a variety of circumstances, such as street runoff in urban estuaries (McCarthy et al. 2008 ) and persistent oil accumulations from spills in all aquatic environments.
